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Structure of the zinc-binding domain of Bacillus
stearothermophilus DNA primase
Hu Pan and Dale B Wigley*
Background: DNA primases catalyse the synthesis of the short RNA primers
that are required for DNA replication by DNA polymerases. Primases comprise
three functional domains: a zinc-binding domain that is responsible for template
recognition, a polymerase domain, and a domain that interacts with the
replicative helicase, DnaB.
Results: We present the crystal structure of the zinc-binding domain of DNA
primase from Bacillus stearothermophilus, determined at 1.7 Å resolution. This
is the first high-resolution structural information about any DNA primase. A
model is discussed for the interaction of this domain with the single-stranded
DNA template.
Conclusions: The structure of the DNA primase zinc-binding domain confirms
that the protein belongs to the zinc ribbon subfamily. Structural comparison with
other nucleic acid binding proteins suggests that the β sheet of primase is likely
to be the DNA-binding surface, with conserved residues on this surface being
involved in the binding and recognition of DNA. 
Introduction
DNA primases catalyse the synthesis of the short RNA
primers on single-stranded (ss) DNA templates that are
used by DNA polymerase to initiate the synthesis of
Okazaki fragments on the lagging strand. Primase is an
essential enzyme in all well-characterised systems of DNA
replication [1]. The domain structure of bacterial DNA
primase has been studied using limited proteolysis [2,3].
These studies indicate that there are three functional
domains in the protein. The N-terminal 12 kDa fragment
contains a zinc-binding motif [1]. The central fragment of
37 kDa contains a number of conserved sequence motifs
that are characteristic of primases, including the so-called
‘RNA polymerase (RNAP)-basic’ motif that shows homol-
ogy with equivalent motifs in prokaryotic and eukaryotic
RNAP large subunits [4]. This suggests that primases
might share a common structural mechanism with RNAP.
The C-terminal domain of approximately 150 residues is
the part of the protein responsible for interaction with the
replicative helicase, DnaB, at the replication fork [2,5]. A
comparison of three bacterial primases (from Escherichia
coli, Salmonella typhimurium and Bacillus subtilis) and four
bacteriophage primases (T7, T3, T4 and P4) has demon-
strated the evolutionary conservation of five sequence
motifs including the zinc-binding motif and the RNAP-
basic motif described above [1]. Two of the other motifs
were proposed to be involved in Mg2+-mediated nucleotide
triphosphate (NTP) binding by ATPase [1]. With the
exception of the zinc-binding motif, the motifs are all
within the central part of the primase sequence, which
probably constitutes the catalytic core of the enzyme.
All DNA primases, whether from bacteriophage, viral,
prokaryotic, or eukaryotic sources, share a conserved
amino acid sequence, which is referred to as the zinc-
binding motif [1,6]. In bacteriophage and prokaryotic pri-
mases, the zinc-binding site is located at the N terminus
of the polypeptide. The conservation of residues adjacent
to the zinc-coordinating residues suggests that the zinc
motif plays an important role in enzyme structure or func-
tion [7]. Mutation of these residues affects the sequence-
specific recognition of the DNA template by T7 primase
[8]. It has been shown that mutants of the T7 gene 4
protein, with single amino acid substitutions of serine at
each of the four conserved zinc-ligand cysteine residues,
cannot support phage DNA replication and growth, 
or catalyse template-directed synthesis of oligoribonu-
cleotides [9]. The T7 gene 4 encodes two collinear pro-
teins, with molecular weights of 63 kDa and 56 kDa, from
separate in-frame translational start sites. The 63 kDa
protein has the primase and helicase activities, whereas
the 56 kDa protein (which lacks the N-terminal 63 amino
acids that include the zinc-binding motif) has only the
helicase activity [10,11]. Although the 56 kDa protein
cannot catalyse the template-directed synthesis of oligo-
ribonucleotides at specific primase recognition sites, it
does catalyse template-independent synthesis of random
dinucleotides [10,11]. This demonstrates that the primase
catalytic site is located within the 56 kDa protein and the
zinc motif is involved in template recognition.
Zinc-binding motifs are commonly shared by proteins that
are involved in RNA or DNA transactions, and frequently
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mediate sequence-specific protein–DNA interactions [12].
The various zinc-binding protein families exhibit consid-
erable structural variation. To date, six major families have
been characterised [13]. The primase zinc motif falls into
the zinc ribbon family, which was the most recently char-
acterised, with analogous sequences being found in a
variety of genes involved in DNA or RNA transactions.
These include the eukaryotic transcription factors TFIIS
and TFIIB, subunits of RNAPII (RPB9), general tran-
scription factors, DNA polymerases and some bacterial
DNA-repair proteins [14].
In order to improve our understanding of the interaction
between DNA primase and its ssDNA template, the
primase from Bacillus stearothermophilus was chosen as a
target for crystallography. This protein was chosen
because proteins from thermostable organisms often have
a greater tendency to crystallise. We cloned the dnaG
gene, which encodes the DNA primase from B. stearother-
mophilus, and overexpressed the protein in E. coli [15].
This primase is active in a general priming assay
(K Marians, personal communication). We have crys-
tallised the N-terminal fragment of DNA primase from
B. stearothermophilus, which contains the zinc-binding
motif, and determined its structure at 1.7 Å resolution.
The structure confirms that this domain is a member of
the zinc ribbon family and comparison with other ssDNA-
binding proteins suggests how the protein binds to the
ssDNA template.
Results and discussion
Overall fold of the protein
The zinc-binding domain of DNA primase from
B. stearothermophilus, which contains residues 1–103, is
referred to as the P12 fragment. The overall fold of the
domain consists of a five-stranded antiparallel β sheet
flanked on one side by four α helices, with the C-termi-
nal portion of the chain forming a short 310 helix
(Figure 1a). The secondary structural elements are shown
in Figure 1b, with the helices sequentially labelled
α1–α5 and the strands β1–β5. The approximate dimen-
sions of the molecule are 20 × 25 × 45 Å. The whole
structure is folded rather tightly with very short connect-
ing regions between the secondary structural elements,
with the exception of two loops which are involved in
coordination of the bound zinc ion. The compact struc-
ture probably explains why the P12 fragment is very
resistant to proteolytic digestion [3].
The zinc-binding motif (residues 40–64) is located on the
two central β strands, β3 and β5, and the three loop
regions, which contain many highly conserved residues.
The cysteine–X2–histidine (in which X is any amino acid)
element is on loop β2/β3 and the cysteine–X2–cysteine
element is on loop β4/β5. The structure confirms that the
primase zinc-binding motif is a member of the zinc
ribbon subfamily, a family that was thought to be differ-
ent to other zinc-binding motifs because their secondary
structure contains no α helices [12,16,17]. It should be
noted, however, that all structures of this family are
derived from protein fragments. The P12 primase frag-
ment is larger than all of the other structures that have, as
yet, been determined and reveals a structure that is not
exclusively β sheet.
The β strands form a surface with a slight overall curva-
ture. On the outer surface of the β sheet there are a
number of conserved basic or hydrophobic residues
(Lys30, Arg34, Lys46, Pro48, Lys56, Ile58, His60 and
Phe62), whereas the inner surface of the β sheet forms a
hydrophobic core packed against the α helices α2 and α3.
The residues involved in the formation of the hydropho-
bic core are extensive and include Tyr36 of β2, Phe50 and
Val52 of β3, Phe59 of β4, Ile19, Val20 and Ile23 of α2,
Phe73 and Ile77 of α3, Val27 and Ile29 of loop α2/β1 and
Pro54 of loop β3/β4. These hydrophobic interactions sta-
bilise the conformation of the structure. Alignment of the
first 103 residues of four bacterial primase sequences
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Figure 1
Overall fold of the P12 fragment. (a) Ribbon representation of the
structure the P12 fragment. (b) Topological diagram illustrating the
secondary structure elements of the P12 model. The circles represent
α and 310 helices, and the triangles represent β strands.
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(Figure 2) reveals the conservation of these interactions
across a range of bacterial species.
The zinc-binding site
As expected, the zinc ion is coordinated by three cysteine
residues (Cys40, Cys61 and Cys64) and a histidine (His43)
from the conserved zinc-binding motif of bacterial DNA
primases (Figure 3). The binding site is very similar to
that of other members of the zinc ribbon family for which
structures have been determined using nuclear magnetic
resonance (NMR) [12,16,17], although in these structures
the zinc ion is coordinated by four cysteines rather than a
histidine and three cysteines. The function of the zinc ion
appears to be to stabilise the conformation of two loops of
peptide at the end of the antiparallel β sheet that connect
the strands of the sheet. The zinc-binding site of P12 is
well ordered, and the bond lengths connecting the zinc
ion to its four ligands are: Zn–SG (Cys40), 2.4 Å; Zn–ND1
(His43), 2.2 Å; Zn–SG (Cys61), 2.5 Å; Zn–SG (Cys64),
2.4 Å (Figure 3b).
Comparison with other zinc ribbon family members
The central feature of the P12 structure, the zinc ribbon
motif, is found in several DNA/RNA-binding proteins [12].
There are three structures of other zinc ribbon family
members in the database: the transcriptional initiation
factor TFIIS [16], TFIIB [17] and the RPB9 subunit of
yeast RNAPII [12]. All of these NMR structures are frag-
ments of about 50 residues and consist of just the antiparal-
lel β sheet region. With the exception of TFIIS, the
structure of the remainder of these proteins remains
unknown. For TFIIS, in addition to the 50 residues that
constitute the zinc ribbon, there is another NMR structure
of a 110-residue fragment that corresponds to a region that
precedes the zinc ribbon in the linear sequence [18],
although only 76 residues of this fragment can be modelled
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Figure 2
Multiple sequence alignment of four bacterial primase zinc-binding
domains (residues 1–103), with the secondary structure elements
shown above. The residues highlighted in red and blue represent
identity and conservation with the B. stearothermophilus P12
sequence, respectively. Residues are numbered according to the
B. stearothermophilus sequence and residues involved in coordinating
the zinc ion are marked with an asterisk. Abbreviations and Genbank
accession codes: BST, B. stearothermophilus, AF106033; LMONO,
Listeria monocytogenes, P47762; ECOLI, Escherichia coli, P02923;
INFU, Haemophilus influenzae, Q08346.
Figure 3
The zinc-binding site. (a) The electron-density map at 1.7 Å resolution
showing the zinc ion bound to its four ligands. The 2Fo–Fc (yellow) and
Fo–Fc (red) maps are contoured at 1σ and 2σ, respectively. (b) The
positions of the zinc ion and its four ligands. 
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from the data. These 76 residues form a three-helix bundle
that is connected to the zinc ribbon motif by a region of
approximately 35 residues of unknown structure.
A structural comparison of P12 with the zinc ribbon motifs
of the eukaryotic transcription factors TFIIS and TFIIB,
and of the RPB9 subunit of RNAPII, is shown in Figure 4.
Strands β3–β5 of P12 are equivalent to the central β sheet
of TFIIS, TFIIB and RPB9. The formation of an analo-
gous β sheet by zinc ribbon proteins from divergent
protein families, which share little homology outside of the
zinc-coordinating residues, implies that the zinc ribbon
motif can accommodate a variety of substitutions, inser-
tions and deletions that are required for divergent func-
tions and specificities. Although the overall topology of the
β sheet and the zinc-binding site of P12 are similar to those
of the three NMR structures, the loop between β4 and β5
of P12 is shorter, strands β3–β5 are less twisted, and the
β sheet is less curved than those of the NMR structures. 
The P12 fragment is the first crystal structure of a zinc
ribbon family member but, more importantly, it is the
largest fragment to contain this motif, placing it in the
context of a larger protein fold. We believe that this is an
important point with regard to proposals for the probable
binding site for DNA. As discussed above, the fold of the
P12 fragment is stabilised by a hydrophobic core of
residues contributed to by sidechains from the α helices
and one surface of the β sheet. In contrast, the structures
of TFIIS, TFIIB and RPB9 lack a globular hydrophobic
core, possibly because the small fragments used for the
determination of the NMR structures are not complete
protein domains. Residues that contribute to the
hydrophobic core in P12 are exposed to solvent in these
other structures, as shown in Figure 5. In fact, this surface
has been proposed to bind nucleic acid in these structures
[12], a mode of interaction that is impossible for P12.
Clearly, if recognition by the conserved zinc ribbon motif
is similar in all members of the family, previous models for
the interaction between this domain and DNA or RNA
must be incorrect. Unfortunately, although models have
been proposed for the interaction between these proteins
and ssDNA or RNA [12], there is no structure of any
family member complexed with nucleic acid. The models
that have been proposed to date are based upon the NMR
structures of fragments of the proteins, at least some of
which have lost their intrinsic ability to bind nucleic acid
[19]. Because the proteins share structural homology, we
believe it to be probable that they share a common mode
of interaction with nucleic acids.
Location of the potential DNA-binding site
DNA primase makes the RNA primers that are used by
DNA polymerase to initiate chain extension. The synthesis
of RNA primers does not appear to be at random sites but
rather is initiated at specific triplet sequences [20–22].
Although the sequence specificity of B. stearothermophilus
primase is not known, a number of other primases recognise
specific triplet sequences [20–22]. It is thought that the
recognition of these specific priming sequences is mediated
by the zinc-binding domain of primases for a number of
reasons. It is known that the primase activity of the gene 4
protein of bacteriophage T7 is lost in the 4B protein, which
lacks the 63 residues at the N terminus of the protein [23].
Furthermore, mutation of the cysteine residues that coordi-
nate the zinc ion cause a loss of priming activity by primase
[24]. These data are consistent with the notion that primase
interacts with a specific recognition sequence, which has
been shown to be the case for the primases from E. coli and
bacteriophage T7 [20,22]. It is surprising, therefore, that it
has not been possible to demonstrate any ability of DNA
primase to bind to DNA using gel-shift or filter-binding
assays. There are at least three possible explanations for this
behaviour. First, the interaction between primase and its
DNA target could be sufficiently transient that it is unde-
tectable using these methods. This would be reasonable for
primase because it only needs to bind to its recognition
sequence for a long enough period of time to initiate primer
synthesis, and too strong an interaction might inhibit the
ability of the enzyme to synthesise short primers in a rela-
tively non-processive manner. An alternative explanation is
that DNA binding by primase is activated in some way
during the interaction between primase and DnaB at the
replication fork. Because this interaction has been shown to
be transient in E. coli [2], it is not possible to demonstrate
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Figure 4
Structural comparison of members of the zinc ribbon family. (a) TFIIB,
(b) TFIIS, (c) RPB9 and (d) DNA primase P12. The zinc ions are
shown as a white ball. 
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site-specific DNA binding by the DnaB–primase complex
although specific priming is enhanced in the presence of
both proteins [2]. Finally, it has been shown recently that
recognition of the primer initiation site by T7 gene 4 heli-
case/primase is a complex process that requires simultane-
ous binding of at least some of the nucleotide triphosphates
that are complementary to the initiation triplet and which,
presumably, become incorporated into the RNA primer [6].
Whatever the reason for the difficulty in obtaining a DNA
complex, it is evident that primase has to interact specifi-
cally with the DNA template in order to synthesise primers
and that interrupting this process results in a loss of func-
tion of the enzyme [8,23,24].
Previous studies with E. coli primase showed that one of
the zinc ligands, His43, could be cross-linked to ATP in a
primer RNA synthesis assay [25]. This suggested that the
region of the primase zinc motif is topographically close to
the catalytic centre during pRNA synthesis. Given that
ATP is the first ribonucleotide to be incorporated at the
5′-CTG-3′ initiation sequence of E. coli, the primase zinc-
binding region might be close to the binding site for the
incoming ribonucleotide. Such a proposal could be consis-
tent with our suggestions for the template-binding surface
(see below). In the absence of a complex with DNA, we
have had to examine the evidence for the DNA-binding
site proposed for other members of this subfamily. As out-
lined above, the DNA-binding surface that has been pro-
posed for other zinc ribbon proteins is not accessible in the
P12 fragment and actually contributes to the hydrophobic
core of the protein. We have looked instead, therefore, for
guidance from comparisons with other proteins for which
there are crystal structures bound to ssDNA or RNA.
The exposed surface of the β sheet of the P12 structure is
remarkable for its hydrophobicity. The aromatic-rich
surface of the β sheet presents a non-polar electrostatic
potential as visualised by a Poisson–Boltzmann simulation
using the program GRASP [26] (Figure 6). Positive
charges are also arranged mainly along one edge of this
surface, creating an attractive potential for ssDNA
binding. These positive charges include conserved basic
residues (Lys30, Arg34, Lys46, Lys56 and His60) and con-
served solvent-exposed hydrophobic sidechains (Pro48,
Ile58 and Phe62) (Figure 7). A β sheet is a common struc-
tural element in many RNA and ssDNA-binding proteins.
The nucleic acid binding surface of these proteins com-
prises a homologous non-polar surface of the β sheet with
exposed aromatic and positively charged residues. This
feature is present in P12 as well as in T4 gene 32 ssDNA-
binding protein [27], the ssDNA-binding domain of rep-
lication protein A (RPA) [28], the anticodon-binding
domain of aspartyl tRNA-synthetase [29], the RNA-
binding domain of Rho transcription termination factor
[30], the neural RNA-binding protein, Musashi1 [31], U1A
protein [32] and the human poly(A)-binding protein [33].
The crystal structure of the ssDNA-binding domain of
RPA, complexed with an octanucleotide (dC8), revealed
that the DNA binds across the surface of the antiparallel
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Figure 5
Ribbon diagrams illustrating the positions of a
number of hydrophobic residues contributing
to the hydrophobic core. Topographically
equivalent residues were used to propose the
DNA-binding surface in RPB9, TFIIB and
TFIIS. (a) The P12 structure. The residues
from the β sheet that contribute to the
hydrophobic core are L29, Y36, F50, V52,
P54 and F59, and residues from the helices
that contribute to the hydrophobic core are
I19, V20, I23, V27, F73 and I77. (b) TFIIB.
The residues are Y18, I25 and Y32.
(c) RPB9. The residues are W28, I42, Y44
and W53, (d) TFIIS. The residues are Y22,
V38 and W47.
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β sheet [28]. The structure contains two structurally
similar domains, each domain binds three nucleotides
across three strands of an antiparallel β sheet with the
other two nucleotides bridging the space between them.
Contacts with the phosphates are formed through posi-
tively charged residues, and with the bases through
stacking interactions of aromatic residues. Comparison of
the structure of one domain of RPA (residues 198–298
complexed with three bases of DNA) with P12 shows
that the β sheet of P12 shares similarity with that of RPA
(Figure 8a). Furthermore, several residues that are
important for DNA binding occur in structurally equiva-
lent positions in both proteins (Table 1) suggesting that
P12 might utilise a similar mode of interaction with
single-stranded nucleic acids. The comparison also
shows that the central three β strands cover three bases,
the precise size of the known primase binding recogni-
tion sequences [20–22].
Further examples of proteins that use a β sheet to bind
single-stranded nucleic acids are the aspartyl tRNA-syn-
thetase [29] and the Rho transcription termination factor
[30]. The N-terminal anticodon-binding domain of
aspartyl tRNA synthetase uses a β sheet to recognise and
bind the anticodon of its tRNA substrate. The β sheet
forms a planar surface that is rich in hydrophobic and basic
residues and shows a similar nucleic acid binding mode to
that of RPA (Figure 8b). Similarly, the crystal structure of
the RNA-binding domain of Rho complexed with an RNA
ligand shows that three nucleotides bind across a β sheet
with Phe62 and Leu58 generating a hydrophobic shelf for
the sugar moieties of the oligonucleotide (Figure 8c).
Table 1 lists residues that are known to be important for
nucleic acid binding in RPA, aspartyl tRNA synthetase or
Rho, and which occur in structurally equivalent positions
in the structures of P12.
Although it is likely that the β sheet of P12 serves as a
platform for DNA binding and/or recognition, differ-
ences between the β sheet of P12 and that of the other
proteins discussed previously are also evident. First, the
β sheet of P12 is less bent with fewer positively charged
or exposed aromatic residues, and the loops that connect
the β strands are shorter in P12 than in the other pro-
teins. Second, the β sheet of RPA, aspartyl tRNA syn-
thetase or Rho forms a hydrophobic core with a further
two or three strands packed against the β sheet, produc-
ing a classic oligonucleotide/oligosaccharide binding
(OB) fold [34,35], whereas the β sheet of P12 forms a
hydrophobic core against two α helices. Third, the
β sheet and the connecting loops of RPA, aspartyl tRNA
synthetase or Rho form a cleft that is able to wrap
around DNA and produce a tight protein–DNA inter-
action. This difference is explained by the function
of the ssDNA-binding domains of RPA, which is to
bind ssDNA, and the function of aspartyl tRNA syn-
thetase or Rho, which is to bind RNA with high affinity
in a relatively non-specific and/or processive manner,
whereas the zinc-binding domain of primase needs to
bind the ssDNA template in a sequence-specific and
non-processive manner. 
Recent work has led to the deduction of a mechanism for
recognition of ssDNA by the Cys4 motif of T7 primase [6].
A molecular model of this Cys4 domain was proposed on
the basis of a mutagenesis study of the zinc motif of T7
primase and the structure of the zinc ribbon of TFIIS,
which are both members of the zinc ribbon family [14]. A
model was constructed of residues Asp24–His33 of the
energy-minimised Cys4 motif of T7 primase, built using
the TFIIS structure as a guide, and of an idealised
DNA/RNA helix of sequence 5′-GTC-3′/5′-AC-3′. The
two models were then docked together by connecting
236 Structure 2000, Vol 8 No 3
Figure 6
GRASP representation of the P12 structure. Positive potential is
shown in blue and negative potential in red. The view is the same as
that shown in Figure 1.
Figure 7
Ribbon diagram illustrating the location of the zinc-binding motif and the
conserved exposed aromatic or basic residues on the surface of the
β sheet of the P12 structure. The zinc-binding motif is highlighted in red.
st8307.qxd  03/22/2000  11:15  Page 236
Asp31 to the amino groups of ATP and dCMP and the
imidazole proton of His33 to N3 of cytosine with hydro-
gen bonds. The proposed model appears to be consistent
with a number of observations from biochemical studies
of the T7 enzyme. When energy minimisation was
attempted for the DNA/RNA helix model, however, the
base pairing between the two strands of nucleic acid of the
model became corrupted, illustrating the difficulties in
attempting to obtain detailed models in the absence of
structural data.
Biological implications
DNA primases catalyse the synthesis of RNA primers
that are used by DNA polymerase to initiate Okazaki
fragment synthesis. By controlling the initiation of
Okazaki fragments, primase plays a key regulatory role
during DNA replication. The synthesis of RNA primers
does not appear to be at random sites, but rather is initi-
ated at specific triplet sequences. All DNA primases
identified to date contain a zinc-binding motif. It is the
longest motif among the bacterial primases and is highly
conserved, indicating an important role in primase func-
tion. Mutation of residues within this motif has been
shown to affect the sequence-specific recognition of the
DNA template by primase, and suggests that the recog-
nition of specific priming sequences is mediated by the
N-terminal zinc-binding domain of primases.
We report the crystal structure of the zinc-binding
domain of DNA primase (P12) from Bacillus stearother-
mophilus, determined at 1.7 Å resolution. This is the first
high-resolution structural information about any DNA
primase. The structure reveals similarity with the zinc
ribbon family, which includes eukaryotic transcription
factors TFIIS, TFIIB and a subunit of RNAPII
(RPB9), for which there are nuclear magnetic reso-
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Table 1
Conservation of residues on the proposed DNA-binding
surface.
P12 K30 R34 K46 K56 H60 F62
RPA K331 K342 R339 W361 F386
Rho R102 R109 R119 F64
tRNA synthetase K173 F127
List of some conserved residues of P12 suggested to be important for
DNA binding which occur in structurally and/or topologically equivalent
positions in the ssDNA-binding domain of replication protein A (RPA)
[28], and the RNA-binding domain of aspartyl tRNA-synthetase [29] or
Rho transcription termination factor [30]. 
Figure 8
Structural comparison with other ssDNA- or
RNA-binding proteins. (a) ssDNA-binding
domain of replication protein A (RPA) [28].
(b) Anticodon-binding domain of aspartyl
tRNA-synthetase [29]. (c) RNA-binding
domain of Rho transcription termination factor
[30]. (d) DNA primase P12.
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nance (NMR) structures. Although there is no structure
of a zinc ribbon family member complexed with nucleic
acid, the five-stranded β sheet of the primase zinc-
binding domain, which is rich in exposed basic and aro-
matic residues, shares some common features with the
β sheet of the single-stranded (ss) DNA-binding
domains of replication protein A, aspartyl tRNA-syn-
thetase, and Rho transcription termination factor, for
which there are structures of complexes with single-
stranded nucleic acids. By comparison with these struc-
tures, we believe that the exposed surface of the β sheet
of primase might be the DNA-binding surface. 
Materials and methods
Cloning, expression and purification of the zinc-binding
domain of Bacillus stearothermophilus DNA primase
Details concerning the cloning, expression and purification of the P12
fragment of DNA primase have been described previously [15].
Crystallisation, data collection and structure determination
Crystals were grown using vapour phase diffusion with hanging drops.
The protein was concentrated to 5 mg/ml in 25 mM Tris-HCl pH 7.5,
2 mM EDTA. Protein was equilibrated against reservoirs containing
60% saturated Li2SO4, 1 mM zinc acetate, 100 mM sodium citrate
pH 6.0. Initial problems with crystal twinning were overcome by the use
of microseeding.
The crystals were of the monoclinic space group P21 with cell dimen-
sions of a = 36.0 Å, b = 59.0 Å, c = 46.0 Å and β = 91.8°. Two P12
molecules in the asymmetric unit gave a solvent content of 35%.
All data were collected at 100K using MAR image plates on either a
rotating anode or a synchrotron source (Station 9.5, Daresbury). Crys-
tals were frozen in mother liquor (65% saturated Li2SO4, 1 mM zinc
acetate, 100 mM citrate pH 6.0) with the addition of 15% glycerol. The
cadmium derivative was prepared by soaking the crystals in mother
liquor with 10 mM CdCl2 for three days, the uranium derivative by
soaking in 25 mM uranyl acetate for 24 h, and the platinum derivative
by soaking in 5 mM K2PtCl4 for 12 h. A summary of the crystallographic
data is shown in Table 2.
Diffraction data were integrated, reduced and scaled using the pro-
grams DENZO and SCALEPACK [36]. All further analyses were carried
out using programs from the CCP4 suite [37] unless otherwise stated.
Cadmium sites were identified using difference Patterson methods and
the sites were refined using the program MLPHARE. Uranium and plat-
inum sites were subsequently identified using difference Fourier tech-
niques with phases derived from the cadmium derivative. After refinement
of all sites, the final figure of merit was 0.65 for data between 10–2.5 Å.
Noncrystallographic symmetry (NCS) matrices were obtained by a
combination of heavy-atom sites and inspection of the initial maps. The
electron-density map was improved using solvent flattening, histogram
matching and twofold noncrystallographic symmetry averaging as
implemented in the program DM. An initial model of the protein chain
was built into the electron-density map using TURBO-FRODO [38].
The two noncrystallographically related molecules were refined as rigid
bodies using X-PLOR [39] to give an initial R factor of 43.7%. A prelim-
inary round of refinement using torsional dynamics, followed by posi-
tional and individual B-factor refinement reduced this to 34.7%.
Subsequent rounds of model building and refinement were carried out
using the maximum-likelihood based approach implemented within
REFMAC. Strict NCS restraints were applied for most of the refine-
ment. In later stages, various parts of the chain, particularly in the inter-
molecular contacts, were released from the restraints. In the final
rounds of refinement, the NCS restraints were removed entirely. The
refinement was continued to an R factor of 19.6% (Rfree = 24.4%). The
final model contains residues 2–103 of both molecules, 165 water
molecules and two zinc ions. An analysis of the geometry (Table 3)
shows all parameters to be well within the expected values expected
for a model at this resolution [40]. 
Accession numbers
Coordinates have been deposited with the Protein Data Bank with the
accession code 1D0Q.
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